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SYMBOLS
jet area at exit, square feet
pump cross-sectional area, square feet
beam of bubble, feet

coefficient of external serodynamic drag (37%73))

turbulent skin friction coefficient
-2.5618
1
{0.482 (AogloRE ) + o.oooa}

coefficient of external aerodynamic 1lift

correction factor for first-order estimate of wetted
area associated with "additional sidewall depth" (Ls/l)

congtant which regulates pump operation (H /Q®, for
congtant efficiency) , sec?/ft® P

equivalent wetted depth, feet (defired by
total wetted gidewall area
(average wetted sidewall length
is the total immersed area of the sidewall when on the
bubble, at zero speed and with no waves)

) , Wwhere the numerator

diameter of pump cross section, feet

drag, pounds
discharge coefficient (Q/ngc)

wavemaking drag

aerodynamic drag

ram drag

additional sidewall drag

sidewall drag due to bubble

trunk drag

acceleration due to gravity, 32.2 ft/sec/sec

average wave height, feet

iii
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head loss in ducts and nozzles, feet

2
dvnamic head at pump entrance (;_—g—i‘—;) , feet
\ p

puy head rise, feet

static puvmp head at inlet, feet

vapor head, feet

daylizht gap (for A"V), feet

additional sidewali depth, feet (0.5 H + C6)
duct and nozzle loss coefficient

duct and nozzle design-speed loss coefficient
duct and nozzle static loss coefficient
total internal head loss coefficient

design internal head loss coefficient

\

velocity ratio ( v v

optimum velocity ratio for maximum efficiency
lift, pounds

length of bubble, feet
leng=h/beam ratio (bubble)

wetted sidewall length, feet

number of wetted sides

dynamic pressure of air (g, = 0.0012 gq,), Ib/ft?

dynamic pressure of water (2.85 sz) , 1b/ft3

pressure of the central pressure distribution in the

sequence of images, 1lb/ft?

power required, tb-ft/sec

iv
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volume flow rate, ft®/sec
Reynolds number (1.30 Vi L X 10°)

bubble area, ft®
air gap area (ACV), ft?

thrust (= drag). pounds
forward velocity, ft/sec

design forward velocity, ft/sec
exit velocity, f£t/sec

forward velocity, knots

speed/length parameter

weight, pounds
specific weight (W/S), 1b/ft?

specific cushion loading, 1b/ft®

pressure/length parameter, 1b/ft® (pressure of bubble
reglon (w) + length of bubble (4))

pump efficilency

propulsive efficlency
density of air, slugs/ft3

dengity of water, slugs/ft®

cavitation index
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SUMMARY

Per formance predictions of Captured Air Bubble (CAB) vehicles
utilizing water jet propulgion are presented. The analysis was made
for various combinations of gross weight, specific lcading, length-to-
beam ratio, and wave height., In addition, the effect of varying the
ducting loss coefficient has also been investigated.

It was found that the total drag "hump'" of low length-to-berm
ratios (#/b) was eliminated at higher £/b values. This effect is due
to the complex behavior of the wavemsking drag component. It was
further found tha: for a particular length-to-beam ratio (£/b), a value
of specific cushion loading existed which optimf{zed the performance (as
measured by the ratic of weight to horsepower required)., The lighter

specific cushion loadings offered definite performance adventages at the

lower leagth-to-beam ratio:s.

INTRODUCTION

Current interest in CAB vehicles has been “ised almost exclusively
on estimates of their high~speed performance. As the theory upon whi:ch
these estimates are based is updated by additional research, it is
necessary from time to time to modify the original performance prelictions.
This report employs the most recent theory available (References 1, 2,
and 3), programmed for an IBM 7090/SC-4020 computer-plotter combination.
It is felt that the results presented here represent the most complete
and reliable predictions available at this time,

ANALYSIS
The computer model calculates CAB performance by determining drag
and power requirements at specified increments of the speed/length param-
eter, Vk//l'.
The important program inputs are: vehicle gross weight, length-to-
beam ratio (£/b), specific cusﬂion loading perameter, w//s , sidewall

factors C1 and C6 s cnonfiguration serodynamic 1lift coefficient CL s water
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Jet pump efficiency ﬂe » and duct and nozzle loss coefficient KD .
Pertinent combinations of these design parameters have been plotted and
analyzed in this report. The tabulated variation is given in Table 1.

An exact formulation of the wave drag theory of Reference 2 has
been incorporated into the program, However, the values on the sub-hump
side are faired to a slope of 2.0 (on log-log paper), as shown in Figure
1; and secondary humps have been neglected. This fairing is essentially
arbitrary, although it does agree reasonably well with the small amount
of experimental data avallable. Experiments are presently being under-
taken to ascertain the validity of this drag theory and that of Refer-
ence 1 for CAB vehicles of various length-to-beam ratios, with emphasis
on the values of wavemaking drag in the sub~hump region.

The advantages of water jet propulsion in CAB applications are
numercus; e.g., higher propulsive efficiencies are more readily obtain-
able at high speeds than is the case with conventional propellers. Since
inlets and exhausts are located at or below the water line, there is
relatively little potential energy loss or water weight penalty incurred
(as in a hydrofoil application). Noise propagation will be less than
with conventional propulsors., Debris and shallow water problems are
minimized, since the entire unit may be given a low-profile configuration,
particularly if multiple pump arrays are used. A variable-area intake
and exit will permit large flow rates at low speeds, thus providing
sufficient thrust for rapid acceleration.

Pump efficlencies of 90 percent are considered feasible for water

jets. With this assumption, the propulsive efficiency (ﬂp) becomes
\\

\
dependent on the duct loss coeificlent (KD) and velocity ratio

(s = VY
k =
\ Vv

) . Tae value of k may be optimized to give maximum np at
a given design condition of wave height and velocity. The value of KD

is a fun:tion of the flow-through velocity and the particular ducting

system utilized to channel the water to aand from the pumps,




BASIC CAB PERFORMANCE EQUATIONS
The following equations are given as a concise summary of the

theory developed in References 1 and 2.

\d) Wavemaking Drag (Figure 1)

D, el Y 42/ aeD
L S |:(-z> '\l - 6.0012 ¢, — _L_'}\pw >

2
Lw/ fgd P21

p gD
P
o
equal to ten times the hubble length by the following formula:

where 18 computed for a channel of infinite depth and width

- N
08P B 2 1 1\ 1 17
P2£'4Y<y81n0)+m +?F-/ ?1:1+V[T:——=—-2__ﬂ—n-—5l
° = (v fi).J

In the above equation, the following definitions apply:

B = bubble width - 1
L b
width oi channel - 10
a - 8%
2ve

-y
1

uie sunmation of the above equation is transmitted when

1

1
-——..:—T——'-——.__): < 0.001

+
~/1 +

2m
v 0
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The values of versus on the pre~hump side are
PPt JE
then altered to a slope of 2 on log~log paper.

(b) Additional Sidewall Drag:

(c) Sidewall Drag Due to Bubble:

or

where K is the value of Vk//i taken at the wave drag "hump" /fig
max

W
for a specified g#/b.

(d) Aerodynamic Drag:

() Trunk Drag:

(4

tl =)

H - 2h 1.2
L

(
= 0.00792
\

]go
//.-\
o
+ o
-
S
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(£) Ram Drag:

(8) Total Drag:

(h) Propulsive Power-to-Weight Ratio:

(1) Cushion Power-to-Weight Ratio:

17 v
c . D)k
W Rty <w> 326

(}) Weight-to-Horsepower Ratio:

-1
LA
3 LW W

(k) Specific Power:

. 326
WV Vi W/tP)
BASIC WATER JET EQUATIONS
As previously noted, the water jet model used in the enalysis
was a variable-geometry configuration for which the theory discussed
in Reference 3 is appropriate. A parabolic variation of KD with
V/VD was assumed for the duct system with the design value of K,

remainioy constant at values of V/VD > 1.0 (Figure 2).

5=

=
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The pumps were assumed to be capable of continuous operation

at 90 percent efficiency 1, , while conforming to a pump head/flow

rate relationship of Hp = C2 Q® . The constant C2 is defined at a

specified design speed and wave height and remains constant at all

off-design conditions. The procedure for determining C, and other

2
deaign constants is as follows:
vV, - V AV
An optimum value of the velocity ratic, k = —i—v—- = v

is determined by computing the optimum total internal loss coefficient

at design conditions:

(a)

k -/JEL___.
where the value opt (1_+ KQ is determined by an iterative

process. The following computations of design values are then made:

(b) Flow Rate at Design Speed:

QD - Dg/(kopt vD &3

(c) Exit Velocity:

(d) Thrust:

(e) Pump Head:
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(f) Total Exit Area:

QD 1+ RDD
Ay 2y " Y [ TV
v
jD 3 N <8 pD D
(g) Pump Constant (Hp = C? Q)
H 1+ 3
Pp KDD p
C2 = 2 - 2 B 2
Q 2g Aj 2g Q,
D

(h) The Efficiency is given by:

2%

.”pD & 5 1'kopt:

(1 + kopt\)z (1 + KL‘))- 1

(1) The Shafc Horsepower is given by:

Dp Vp

St e 5501,

and the pump dismeter is determined by the empirical relation:
d = -—S—}f_
p 1000

After the design values have been determined, the program deter-
mines the off-design performance by computing for each increment of

velocity the following variables:

(J) Duct Loss Coefficient (Figure 2):

b sl

D

(k) Volume Flow Rate (by iterative method):
/23C2Q2+V2 \
D=T=p Q [——— - VI
T /

-7-




(L) velocity Ratio:

kK = D
P, AV
(m) Pump Head:
= 2
Hp C, Q

(n) Exit Velocity:
V, = (k+ 1) vV

[ 1+ -
Ajz Q :D
2g C, Q + V2

(P) Total Loss Coefficient:

(0) Nezzle Exit Area:

(q9) Propulsive Efficiency:

2k
(1+ k) (L+K;) -1

‘[lp =

(r) A suitable indication of the onsec of cavitation may be the
ratio of the pump inlet static head to the pump head rise:

Q2
H H.at:m"H'V l~H)."den - 2g A 2
c = -8RL P
Hp H
P
or
hod 1'72
32,51 . D j L ¢
2g 2g 2
2g A
g = P
2
CZQ
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The minimum noncavitating valres of o for specified operating

conditions and duct-pump combinations have not been ascertained fully.

DISCUSSION

Table 1 shows the variation of the main design parameters evaluated
by the program. Four gross weights and three length-to-beam ratios were
selected as inputs. The values of £/b were 2.0, 7,0, and 3.74 (which
represents the geometri: mean between 2.0 and )). The selection of
design speeds and wave heights was arbitrary; however, the propulsive
efficiency was insensitive to relatively large variations of these two
parameters so that little benefit was realized by optimization.

Both the weight-to-horsepower ratios (W/{) and the specific power

PR/WV have been presented as performance figures cf merit. From the
standpoint of conventional power, the parameter PR/WV affords a satis-

factory prediction of the range-speed-payload capabilities of the
vehicle. However, when nuclear power is considered, the principal con-
sideration becomes the allovable weight per horsepower of the propulsion
machinery, which must be a reasonable fraction of the total vehicle

weight per horsepower. In the graphs of W/WP versus V, , W/¥ may be

k

considered as an '

‘equivalent' L/D ratic when plotted for a single velocity.
A study of the graphical data revealed sever 1 interesting trends
in W/ as a function of the primary design parameters (weight, length-to-
beam ratio, and specific cushion loading, w//5). In general, a combi-
nation of these parameters exists that will maximize W/P for a given
operating mode of velocity and sea state. However, due to the complex-
ities and interactions involved in thi; type of analysis, it 1s difficult
to make any simple statements on rormulations with regard to optimizing
performance. Rather, the procedure used here will be to illustrate
graphically the optimizing trends attributed to variations of the design
parameters and to indicate limiting factors in these trends.
Figure 3 is a summary plot computed from six different A£/b designs

of a 20,000-ton vessel operating in ten-foot waves. It should be noted

that the data for this particular vessel were computed nsing conventional

e Tt el A e bt e
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water propellers and not water jets. A value of w//§ = 1.1 was selected,
based on structural considerations. Figure 4 shows the influence of
varying the specific loading w//5. For a speed of 50 knots at w//F = 0.5,
the /b for best W/W is approximately 5 and, at w//§ = 2.1, the optimum
£/b value from a W/'® standpoint is 9.0. It may be noted that the peak
value of thc w//F = 1.1 curve corresponds with the value of W/® at 50
knots shown in Figure 3.

Referring again to Figure 3, it is evident that at the higher speeds
the lower £/b provides better performance, and the drag hump is present
only at the lower £/b. These phenomena are attributable directly to the
nature of the wavemaking drag, as shown in Figure 1. The total drag
curve (D/W) at high £/b increases rapidly with velocity. As the per-
centage contribution of wavemaking drag is sharply reduced with increas-
ing ¢/b, the sidewall hydrodynamic drag begins to dominate, because of the
greatly increased bubble length. The low 4/b advantage of super-hump
! operation is therefore eliminated and sub-hump operation now becomes
é attractive. At £/b values above 7.0, the sideboard drag exceeds 80 per-
cent of the total drag. The tradeoff beyond this point is straight-
forward. An increase of £/b produces a decrease of the wave drag compo-
nent and a correspcending increase of sidewall drag so that no net drag
reduction 1s pocsible. Another drag tradeoff is evident in Figure 4.

As w//3 increases, at any given £/b, the wavemaking drag increases

. (Dw/w and DS b/W) and the sidewall hydrodynamic drag D_ a/W is reduced.
, §

’

The intersection of these drag curves represents a minimum value of total
drag and an optimum of w//§ . This relationship is evident in Figure 4
at an 4/b of 9.0 where w//8 = 0.5 represents a pre-minimum value; but,
at a value of 1.1, the D/W ratio is optimized. The effect of weight
variation is illustrated in Figure 5.

The primary intent of this paper has been to indicate tradeoffs in
performance obtainable by varying the primary design parameters. However,
much adcitional information mcy be derived by studying and cross-plotting

the data. 1In particular, the variation cf the cavitation index o with A/b,

-10-
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weight, w//5, wave height, and K, 1s presented. Before additional
refinements are added to the CAB design, the seriousness of the cavi-
tation problem should be ascertained and modifications cof KD, pump
geometry, etc. should be determined.

Multiple graphs (Figure 6 through Figure 17) have been prepared
for all the data. By interpolation of these graphs, the CA3 performance
can be estimated. If precise information on a specific design is desired,

however, a detailed computer analysis would be required.

Aerodynamics Laboratory
David Taylor Model Basin
Washington, D. C. 70007
January 1967
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Figure 1 - Wavemaking Drag of Rectangular Planform
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Figure 2 - Assumed Parabolic variations of Duct Loss Coefficlent, KD
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Figure 9 - General Performance Parameters of 1000 Ton CAB
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